The neurodevelopmental hypothesis of schizophrenia proposes that impaired brain development is a cause of the illness. Early motor developmental milestones, such as learning to walk, are predictors of later schizophrenia but studies have not been systematically reviewed. The aim of the present systematic review and meta-analysis was to explore the association between early motor developmental milestones and the risk of adult schizophrenia. In addition, we updated a systematic review on motor function and risk of schizophrenia. The PubMed, PsycINFO and Scopus databases were searched for original research articles published up to July 2015. Motor milestones were measured between ages 0 and 13 years. Random effect meta-analysis calculated effect estimates (Hedges' g) for the association between individual motor milestones and schizophrenia risk. An electronic database and selected articles reference list search identified 5990 articles after removing duplicates. Sixty-nine full text articles were assessed for eligibility of which six were included in the review. Five studies provided sufficient data for meta-analyses. The following motor milestones were significantly associated with adult schizophrenia risk: walking unsupported (g = 0.46; 95% CI 0.27-0.64; p b 0.001), standing unsupported (g = 0.28; 0.16-0.40; p b 0.001) and sitting unsupported (g = 0.18; 0.05-0.31; p = 0.007). Results for the milestones 'holding head up' and 'grabbing object' were not statistically significant. Delayed walking, sitting and standing unsupported were associated with adult onset schizophrenia. The findings emphasise the importance of timely achievement of these motor milestones in childhood and can contribute to the identification of individuals at risk of psychosis.
Introduction
The neurodevelopmental hypothesis of schizophrenia proposes that abnormalities in the developing nervous system betray vulnerability to the illness (Murray and Lewis 1987; Weinberger 1987; Maynard et al. 2001) . Evidence from both genetic high risk and population-based cohort studies that observed an association between motor abnormalities or delayed motor development and adult schizophrenia contributed to shaping the theory. In these studies various concepts are used to define the observed phenomenon such as pandysmaturation (Fish 1957) , motor coordination (Rosso et al. 2000; Schiffman et al. 2004) , fine and gross motor skills (Burton et al. 2016) , motor function (Dickson et al. 2012) , motor development milestones (Jones et al. 1994; Isohanni et al. 2001; Sorensen et al. 2010) , neurological soft and hard signs (Schiffman et al. 2009 ). Schizophrenia Research xxx (2017) xxx-xxx Few attempts were made to systematically review the evidence in this area and to estimate the effect size for later development of schizophrenia by meta-analysis. The meta-analysis by Dickson et al. (2012) showed a moderate effect size for motor function in youth, but studies on early motor developmental milestones were not included. Recently, in the meta-analysis by Burton et al. (2016) , several developmental motor phenomena were explored, namely gross and fine motor development, movements, neurological soft signs, coordination, motor skills and walking. Moderate effect sizes were found for delayed gross and fine motor development, impaired coordination and delayed walking in children with first-degree relatives affected by schizophrenia. More involuntary movements had a small effect size. This review included only one measure for early motor developmental milestone (i.e. walking). Thus, other motor milestones in relation to risk of subsequently developing schizophrenia at individual level were not assessed.
Early motor milestones play a significant role in assessment of child development and delay in these milestones contributes to impaired overall motor function. However, it seems that an important prerequisite of achieving a motor developmental milestone is learning, which is based on a series of attempts (Corbetta and Bojczyk 2002) and recalibration of the sensimotor system (Chen et al. 2007 ). Since early motor developmental milestones can be seen as a complex interrelation between both motor and cognitive aspects (Diamond 2000; Murray et al. 2006; Piek et al. 2008) , it is probably necessary to study them separately from motor function.
Delayed attainment of early motor development milestones, such as walking or standing unsupported and deficits in motor function in future cases of adult schizophrenia have been a key piece of evidence underpinning the neurodevelopment hypothesis of this severe illness, despite the heterogeneity in the method and age of assessment of these motor phenomena in longitudinal studies. To our knowledge, the findings from these studies have not been summarised, and a robust estimate of the association between adult schizophrenia and various early motor developmental milestones has not been provided. The aim of the present study was to systematically review and meta-analyse the scientific evidence regarding early motor developmental milestones and adult schizophrenia risk. In addition, we updated the systematic review of motor function.
Methods

Search strategy
The PubMed, PsycINFO and Scopus databases were searched for original research articles in July 2015. No language restrictions were applied. The following indexing terms (MeSH or Key words) were included: [(infant OR child* OR early) AND (schizophr*OR psychosis OR schizoaff* OR psychotic) AND (impairment OR delay OR skill OR ability OR function OR deficit OR coordination OR performance OR problem OR milestone* OR complication* OR risk* OR functioning OR precursor* OR predictor*) AND (motor OR movement OR neuromuscular OR psychomotor OR neuromotor OR development*)].
Inclusion and exclusion criteria
A standardised and reliable assessment of schizophrenia (e.g. registers, clinical diagnoses, interview diagnoses, validated diagnoses by physician, but not self-report) was required. Studies with only childhood onset cases of psychosis (b 12 years) were excluded. Included studies assessed early motor developmental milestones between ages 0 and 13 years old. Studies exploring other aspects of motor function rather than milestones were excluded from the meta-analysis. We contacted the authors of articles for additional data so that studies could be included in the meta-analyses if data were not published in a suitable format.
Study selection
An electronic database and selected articles reference list search identified 5990 articles after removing duplicates (Fig. 1 ). Abstracts were screened by three reviewers working independently of each other (SF, AF, II), which identified 69 potentially eligible articles. The first author obtained full text and assessed all of these 69 articles, of which 6 studies were included in the systematic review and 5 in the meta-analyses of early motor developmental milestones. In addition, 10 eligible studies on motor function were identified. A list of excluded full-text assessed studies is presented in Supplementary material 2. Fig. 1 . Selection of the studies for the review of early motor developmental milestones and schizophrenia.
Quality assessment analysis of selected studies and statistical analysis
A quality assessment of included studies was performed based on the critically appraised scale (Downs and Black 1998) with small modifications (Supplementary material 1). The scale has been shown to be a reliable instrument according to a recent systematic review (Sanderson et al. 2007) . Extracted by the first author, estimates for the meta-analyses were independently checked by a co-author (AF). Only milestones studied at least three times were analysed, and a random effect model that is considered to be a standard for this type of data was applied (Field and Gillett 2010) . Hedges' g with 95% confidence intervals (CI) was used to present individual effect sizes for each meta-analysis (Borenstein et al. 2010) . This is a variation of Cohen's d, corrected for a small sample size (Hedges. and Olkin, 1985) , and the magnitude of the effect can be interpreted as small (0.2), moderate (0.5), large (0.8), and very large (1.3) (Cohen 1992) . The magnitude of heterogeneity across studies was assessed by I 2 tests (Higgins et al. 2003) (range: 0% to 100%). Its value of 0% indicates no heterogeneity, 25% low heterogeneity, 50% moderate heterogeneity, and 75% high heterogeneity (Higgins et al. 2003) . Potential publication biases were assessed using funnel plot asymmetry, Egger's test of intercept in a random effect model with p value b0.1, and the trim and fill method (Egger et al. 1997) . The analyses were conducted using Stata version 11.
Results
Systematic review and quality assessment of studies on early motor developmental milestones
Six eligible studies from high income countries arising from the 1946 British cohort (Jones et al. 1994 (Jones et al. ), 1959 (Jones et al. -1961 Copenhagen Perinatal Cohort (Sorensen et al. 2010 ), 1962 and 1969 Helsinki Birth Cohort (Clarke et al. 2011 ), 1966 Northern Finland Birth Cohort (NFBC 1966 ) (Isohanni et al. 2001; Keskinen et al. 2015 Keskinen et al. ), and 1972 Keskinen et al. -1973 Dunedin Birth Cohort were identified (Cannon et al. 2002) (Table 1) . Measures of early motor developmental milestones included: walking unsupported, standing unsupported, sitting unsupported, holding head up and grabbing object. Some other early motor developmental milestones were identified, such as turning over, touching thumb with index finger, and rolling and crawling. A study by Isohanni et al. (2001) was presented only in a systematic review as Keskinen et al. (2015) , used the same data with a longer follow-up. Table 1 summarises the methods and results of the included studies.
The quality of selected studies was assessed against 18 criteria (Supplementary material 1). On average, studies fulfilled 15 criteria (range from 13 to 17), reflecting an overall good quality (Table 2 ). However, only three studies described at least some characteristics of participants and only two some of the characteristics of individuals lost to follow-up. Four out of five studies did not adjust for different lengths of follow-up.
Meta-analyses of early motor developmental milestones
The following early motor developmental milestones were possible to meta-analyse: walking unsupported (5 studies), standing unsupported (4 studies), sitting unsupported (4 studies), holding head up (3 studies) and grabbing object (3 studies).
Walking unsupported
Meta-analysis, based on 368 schizophrenia cases and 17,514 controls from five population-based longitudinal studies, showed that individuals with schizophrenia had significant delays in achievement of the walking unsupported milestone compared to controls (g = 0.46; p b 0.001; 95% CI (0.27-0.64) Heterogeneity was moderate (I 2 = 53.4%; p = 0.072). (Fig. 2) .
Standing unsupported
Meta-analysis, based on 307 schizophrenia cases and 17,351 controls from four population-based longitudinal studies, showed that individuals with schizophrenia had significant delays in achievement of the standing unsupported milestone compared to controls (g = 0.28; p b 0.001; 95% CI (0.16-0.40). Heterogeneity was not significant (I 2 = 0%; p = 0.548) (Fig. 2) .
Sitting unsupported
Meta-analysis, based on 386 schizophrenia cases and 19,424 controls from four population-based longitudinal studies, showed that individuals with schizophrenia had significant delays in achievement of the sitting unsupported milestone compared to controls (g = 0.18; p = 0.007; 95% CI (0.05-0.31). Heterogeneity was not significant (I 2 = 0%; p = 0.254) (Fig. 2) .
Holding head up
Meta-analysis, based on 352 schizophrenia cases and 13,927 controls from three population-based longitudinal studies, showed that individuals with schizophrenia had no significant delays in achievement of the holding head up milestone compared to controls (g = 0.10; p = 0.09; 95% CI (− 0.08-0.15). Heterogeneity was not significant (I 2 = 0%; p = 0.495) (Fig. 2) .
Grabbing object
Meta-analysis, based on 351 schizophrenia cases and 13,882 controls from three population-based longitudinal studies, showed that individuals with schizophrenia had no significant delays in achievement of the grabbing object milestone compared to controls (g = 0.04; p = 0.55; 95% CI (− 0.08-0.15). Heterogeneity was not significant (I 2 = 0%; p = 0.422) (Fig. 2) .
Publication bias
Funnel plot asymmetry tests were conducted and visual assessment did not show any asymmetry for any of the outcomes. Then Egger's regression method testing for asymmetry was applied. No significant intercepts β0 (p b 0.1) for any of the milestones were found (not presented in tables). A trim and fill analysis did not identify any missing studies (not presented).
Systematic review of the motor function and schizophrenia
The search for articles identified 10 studies on motor function in childhood and adult schizophrenia. These studies explored, for example, neuromotor abnormalities (abnormal facial movements, bradykinesia etc.), specific motor skills (alignment, dissociation of movement etc.) or motor coordination and were systematised in Supplementary Table 1.
Poor motor coordination was associated with schizophrenia (Crow et al. 1995; Cannon et al. 1999b; Rosso et al. 2000) . Walker et al. (1994) found neuromotor abnormalities in schizophrenia cases, but no differences in motor skills. Cannon et al. (2002) observed that individuals with schizophreniform performed worse than controls on a standard test of motor skills at the age of three, five and nine years. Schiffman et al. (2004) showed no differences in general neuromotor scale or in abnormal hand movements, but in a later follow-up found more coordination deficits in children who developed a schizophrenia spectrum disorder (Schiffman et al. 2009 ). Two studies using school marks in gymnastics and handcrafts/drawing as a proxy for motor function found that cases performed worse than controls in gymnastics (Cannon et al. 1999a; Helling et al. 2003) . In one of the studies, cases had higher marks in drawings (Helling et al. 2003) and in the other one they performed worse in handcrafts (Cannon et al. 1999a ).
Discussion
Main findings of meta-analysis of early motor developmental milestones and schizophrenia
Delayed walking, sitting and standing unsupported had a significant small effect size on adult schizophrenia (Cohen 1992) . Keeping head up and grabbing object had no significant effect. There is also a link between familial risk of psychosis and delayed walking, as Burton et al. (2016) found an effect size of the same magnitude in their meta-analysis (g = 0.444; p b 0.01 vs. g = 0.46, p b 0.001) as in the current meta-analysis regarding individuals' own schizophrenia risk. Interestingly, motor developmental milestones learned later in childhood e.g. walking unsupported were shown to be a significant predictor of adult schizophrenia, while earlier ones e.g. grabbing object were not. On the other hand, only three studies explored the 'holding head up' and 'grabbing object' milestones.
Quality assessments of the studies included in meta-analysis of early motor developmental milestones and schizophrenia
A quality assessment of the studies has shown that, in general, a majority of the criteria were fulfilled by all of them. Selected studies had a cohort data and in three of the studies, data on early motor developmental milestones were collected prospectively. However, descriptive characteristics of participants and the lost to follow-up are missing for some of studies. It may indicate heterogeneity of the studied populations. On the other hand, it may reflect quality of reporting rather than quality of the studies. In addition, the results of all studies were controlled for confounding by sex, age or sociodemographic factors and two of them by such clinical factors as obstetric complications, perinatal risk and antenatal maternal depression. A majority of studies report both population and sample size, showing that the proportion was unlikely to affect the main findings. Two studies had to rely on retrospective assessment of milestones and three studies on mothers' assessment, which are also limitations.
In the included studies, the schizophrenia diagnosis was established by a physician or identified through registers. While both of the methods are eligible, register studies have more reliability (Miettunen 2011) . In addition, studies used slightly different diagnostic systems (DSM or ICD) and/or criteria for schizophrenia. For example, in Clarke et al. (2011) schizophrenia was defined broadly, while Keskinen et al. (2015) reported results for schizophrenia and other psychoses separately. Previously, observational studies on precursors of schizophrenia were criticised for lack of specificity (Jones and Tarrant 1999) . Thus, we were not able to distinguish specific early motor developmental milestones for schizophrenia versus all other psychoses in the metaanalyses. However, Keskinen et al. (2015) found that estimates for milestones were similar among schizophrenia and other psychosis groups.
In both groups, standing up, standing, and walking without support were significantly delayed.
Early motor developmental milestones in relation to motor function
Previously, two related meta-analyses have been published. Burton et al. (2016) observed delays in gross and fine motor development (g = 0.644; p b 0.001), coordination deficits (g = 0.625; p b 0.001) and more involuntary movements (g = 0.291; p b 0.02) in the childhood of individuals with first-degree relatives affected by schizophrenia. Dickson et al. (2012) found that deficits in motor function at age of 16 years or younger had a moderate effect on individual schizophrenia (d = 0.56; p b 0.001). In the systematic review part, we identified the same four studies on motor function as in Dickson et al. (2012) in addition to six other studies on motor function and schizophrenia. Motor function phenomena explored in all these ten studies varied significantly. It seems methodologically challenging to meta-analyse these findings and to be also able to address heterogeneity. Thus, further attempts are needed to explore different motor function phenomena and adult schizophrenia in meta-analysis.
4.3. Early motor developmental milestones and other aspects of neurodevelopment
Early motor development milestones are associated with many aspects of neurodevelopment. Dickson et al. (2012) found that individual who developed schizophrenia had significant deficits in IQ (d = 0.51; p b 0.001), and meta-analysis by Khandaker et al. (2011) showed significant decrements in premorbid IQ (d = −0.43, p b 0.001). Jones et al. (1994) observed more speech problems in cases than controls, and Cannon et al. (2002) poorer receptive language skills. Moreover, an association between early motor developmental milestones, school achievements, and schizophrenia was observed. In NFBC 1966, Isohanni et al. (2004) found that among children who developed schizophrenia in adulthood, those who learned to stand late, were also more likely to perform poorly at school in subjects involving motor domain at age 16 years compared to earlier learners. Later, Taanila et al. (2005) observed lower scores in teacher ratings at 16 years and a worse education level at 31 years in those who reached standing or walking unsupported later than faster learners. Castle and Murray (1991) described a "neurodevelopmental subtype" of schizophrenia that was more common among men. Its features were early onset and poor pre-morbid social functioning. This is interesting, since achievement of each early motor developmental milestone changes an infant's social interaction and is an important step in social development (Campos et al. 2000; Clearfield 2011 ). Indeed, earlier walkers have showed more interactions with their mother compared to later walkers (Biringen et al. 1995) . One might also presume that motor milestones such as delayed walking, standing and sitting unsupported may relate to cognitive development more than keeping head up and grabbing objects, and also, in the end, may relate to social development later in childhood.
4.4. Strengths and limitations
The search was conducted in several databases: PubMed, PsycINFO and Scopus. The abstract check and data extraction were performed by three persons independently. Narrow inclusion criteria for the meta-analysis were used. For instance, childhood schizophrenia cases were excluded due to inconsistent diagnosis in this period (McKenna et al. 1994) , and motor milestones had to be assessed before the age of 13 to avoid reverse causation. However, some early motor developmental milestones (e.g. turning from back to tummy, crawling) were rarely explored and could not be meta-analysed. A test exploring asymmetry showed no publication biases, but due to low number of studies (b 10), this test lacked power in our meta-analyses (Deeks et al. 2008) . In summary, a lack of studies exploring some of the motor developmental milestones indicates a need to continue exploration of these phenomena. Overall, included studies had a good quality, but they had some limitations.
Conclusions
The results of this meta-analysis showed that schizophrenia has a small significant association with delayed walking, sitting, and standing unsupported. The findings support neurodevelopment theories of schizophrenia and the importance of monitoring the achievement of these early motor developmental milestones in childhood. It can contribute to earlier identification of individuals at risk of psychosis, but the predictive value of delayed motor developmental milestones on a population level is relatively small.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.schres.2017.01.029.
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